Corrections and integrity bounds of the ionospheric delay generated at the Satellite-Based Augmentation System (SBAS) for aviation users may confront a wide range of ionospheric conditions over its update interval. Ionospheric irregularities affecting Single Frequency (SF) SBAS can cause the risk of service integrity and a loss of service continuity. The aim of the Ionospheric Anomaly Detection (IAD) scheme is to detect the effect of ionospheric irregularities on the SBAS SF service operational capability over China. It will help in establishing statistical anomaly models and then provides a high level of service for aviation users. The IAD scheme uses a fusion protocol to reach consensus among subdetectors, which monitor different ionospheric features. Moreover, the threshold of every sub-detector is derived based on system availability. We analyze the IAD scheme by practical ionosphere observations recorded at the crustal movement observation network of China in 2015. It successfully identifies ionospheric anomalies affecting SF SBAS and conforming with physical characteristics. Furthermore, it provides sufficient detection reliability. The statistical results illustrate that the difference of 95% residual error for post-ionosphere correction between normal and anomalous zones is between 1.4 m and 3.2 m. The average value is 2.1723 m. Additionally, there exist two types of ionospheric anomalies affecting SBAS SF service over China. The range is mainly at latitude 15 • -35 • N . The occurrence time is mainly at GPS time 4-15 h and 12-19 h, respectively. INDEX TERMS BDSBAS, service integrity, service availability, ionospheric anomaly detection.
I. INTRODUCTION
An augmentation system, which can be a Satellite-Based Augmentation System (SBAS) or Ground-Based Augmentation System (GBAS), aids the Global Navigation Satellite Systems (GNSS) by increasing accuracy, availability, integrity, and service continuity [1] . A function of the augmentation system is to provide aviation users with better error corrections and generate the confidence bounds meeting integrity requirements [2] . Currently, the primary objectives of operational SBASs are establishing a dualfrequency user capability while at the same time maintaining and sustaining the existing Single Frequency (SF) service. However, the Dual-Frequency, Multi-Constellation (DFMC) SBAS Standards And Recommended Practices (SARPs) are now under development. The SBAS must continue to provide SF services at least 8-10 years to
The associate editor coordinating the review of this manuscript and approving it for publication was Rosario Pecora . aviation users. Even though the DFMC SBAS will provide service in the future, the SBAS service operators promise that it continues to provide SBAS SF service operational capability. However, the ionosphere, which causes a dispersive delay in the propagation of GNSS signals, is one of the major error sources [3] . For the SF service of SBAS, user measurements generally rely on ionospheric correlation with the reference station measurements to infer the ionospheric state in regions sampled by itself [4] , [5] . The ionosphere under nominal or quiet conditions can be well described and easily estimated [6] . However, some smaller features are more difficult to observe or estimate under disturbed conditions. The International Civil Aviation Organization (ICAO) certification integrity requirement is that the broadcast ionospheric integrity parameters by the SBAS must bound the users' ionospheric delay residuals of corrections under anytime and anywhere in the service area with a probability of 0.999 [4] . The system designer must always assume the possible disturbed ionospheric features VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ exist to satisfy the aviation service integrity requirements and weaken aviation service availability. In contrast, if we can monitor ionospheric conditions, the level of system service for nominal ionosphere can be improved. Conventional descriptions of ionospheric events usually seek to distinguish events by physical cause (equatorial anomaly, scintillation, Storm Enhanced Density (SED), etc.) [7] . The geographic range of China includes midlatitude and low-latitude. The equatorial anomaly, Plasma Bubbles (PB), etc. exist [8] and may affect the SBAS SF service operational capability over China, or named BDSBAS (BeiDou Satellite-Based Augmentation System) SF service operational capability. BDSBAS is the Chinese version of SBAS/Wide Area Augmentation System (WAAS). The China Satellite Navigation Office (CSNO) at a whitepaper on the BeiDou Navigation Satellite System (BDS) development was published that BDSBAS will provide two types of service modes (SF service mode and DFMC service mode) in accordance with the ICAO SARPs to aviation users in China and its surrounding areas. For SF service mode, it only provides Global Positioning System (GPS) L1 C/A augmentation information to aviation users [9] . In our paper, the research is based on BDSBAS SF service operational capability.
However, if ionospheric irregularities cannot invalidate the system confidence bounds or can be accurately described by the ionospheric delay model, it does not need to be noticed. We must recognize and treat the events that lead to the system ''unavailability''. In this paper, the ''ionospheric anomaly'' is defined as irregular ionospheric behavior affecting BDSBAS SF service operational capability, and it may not follow conventional descriptions of ionospheric events. Therefore, the ionospheric anomaly detection must be designed based on the system service performance and regional ionospheric properties. It helps the SF BDSBAS to provide the necessary level of protection for users robustly.
For the SBAS, the Chi-squared based test, or named the Chi-square Consistency Check (CSC), is developed based on the difference between quiet and stormy ionospheric behavior. It is to monitor whether the real-time reference station measurements are compatible with a quiet ionosphere via a chi-square test on the measurements or error or confidences [6] , [10] . The work performance was satisfactory for monitoring ionospheric irregularities in the WAAS (North America) [11] , [12] . It also has applied in other operational SBAS, such as the GPS Aided GEO Augmented Navigation (GAGAN) system, the Multifunctional Transport Satellites (MTSAT)-Based Satellite Augmentation (MSAS) system [13] - [15] . However, this method is affected by undersampling, which is demonstrated by Sakai et al. [15] - [17] . If the chi-square statistic is above the threshold, it is likely that there is a problem with the model, the measurements, or both [6] . The small chi-square value does not guarantee that the ionospheric is normal [6] , [18] . The difficulty of CSC is detectability. This is unfavorable to the analysis and modeling of ionospheric irregularities affecting SF SBAS.
M. Bakry El-Arini has designed an average spatial gradient sequential detector based on two hypotheses that are corresponding to a quiet and disturbed ionospheric condition [19] . Spatial gradient is calculated using Total Electron Content (TEC) observations at reference stations within specific baseline along each of S-N (South to North) and W-E (West to East). It can be used to estimate the localscale spatial variation of ionospheric delay [20] . The average spatial gradient detector assumes that the probability density function of the average spatial gradient in the Continental United States (CONUS) is log-normal distribution. Then, the distribution fit parameters are estimated for the quiet and disturbed ionosphere. However, the drawback is that a prior knowledge of probability distribution functions is needed. Different from the CONUS, modeling of ionospheric irregularities over China, especially the southern (low-latitude) that has the extremely complex behavior of the medium, is a tedious process. Additionally, the spatial gradient is calculated using the mixed pair method and would not be free from both satellite and receiver inter-frequency bias calibration errors [21] .
Another most common technique in the GBAS is a temporal gradient or the rate of TEC change (ROT), which is computed at selected points and is the TEC difference between consecutive epochs [22] . The rate of TEC Index (ROTI), which is characterized by the sharp TEC gradient, represents the standard deviation of the ROT over a time window. Compared with the spatial gradient, this method is based on a single receiver and a single satellite. The internal frequency bias calibration error of the satellite and the receiver can be excluded. However, currently, the product of ROTI was developed and implemented within the range of 50 • -90 • N (geomagnetic latitude) [23] . It cannot provide services for the China region. Additionally, the parameters related to ROTI are very important for the detection of small-scale plasma structures or large-scale structures.
The S4 index [24] , [25] was implemented to monitor ionospheric scintillation. However, the ionospheric scintillation affecting the signal domain can cause errors in receiver signal tracking loops and, in some cases, loss of signal lock [26] . The availability and continuity of navigation may be degraded due to scintillation effects and the augmented system is not a countermeasure against scintillation [27] . In SBAS, the ionospheric irregularities mainly consider the events affecting the information domain, i.e., reduced spatiotemporal correlation, increased spatial or temporal gradients, etc.. This paper implements a fusion scheme to construct an Ionospheric Anomaly Detection (IAD) scheme for the identification of affected Ionospheric Grid Point (IGPs) due to ionospheric irregularities. The IAD scheme uses voting fusion and time-space validation to reach consensus among three sub-detectors, which monitor different ionospheric features and named CSC detector, Spatial Gradient Irregularity (SGI) detector, and Temporal Gradient Irregularity (TGI) detector, respectively. The scheme addresses the challenges, as follows:
• The undersampled question for the CSC detector corresponds to the distribution of SBAS Reference Stations (SRSs), that is, we change the sample size by adding the Continuously Operating Reference Stations (CORS) from the Crustal Movement Observation Network of China (CMONOC). It allows examining the smaller scales of ionosphere characteristics [21] . However, the data quality (such as, data continuity and reliability) of reference stations from the CMONOC cannot reach the level of SRSs. The more the number of stations we use, the higher the risk of poor data quality will be. It degrades the accuracy of ionospheric delay estimation and produces faulty events, but not due to the ionosphere [28] . The outliers from the poor data quality should be excluded during the detection process. However, this operation has not yet thoroughly guaranteed the reliability of the detection process. Therefore, the gradient technology, which has been analyzed and utilized in GBAS, is used to supplement the CSC detector.
• It has been observed that poor grid modeling correlates strongly with large gradients [6] . In SBAS, it pays more attention to the anomalous range and influence, or whether there is an anomaly at the location of the IGPs and users. Therefore, the spatial gradient algorithm needs to be improved to apply anomaly detection in the SBAS. However, the improved algorithm based on the IGPs leads to the incalculable detection statistic at the edge area. The fusion scheme is required to ensure detection reliability.
• The position of Ionospheric Pierce Points (IPPs), which is the location where a satellite-to-receiver raypath penetrates the thin shell [12] , will be changed due to the movement of satellites. For a single pair of receiver and satellite, we assume that the position of the IPP is unchanged during a short period of time (for example, the distance of IPPs for the same station-satellite pair changes about a few kilometers during thirty seconds), and the variation of ionospheric delay in the TGI detector is only related to time. Additionally, the algorithm parameter and detection thresholds of each sub-detector are analyzed and derived based on actual ionospheric measurements and system availability.
In summary, we present the IAD scheme, a methodology designed to detect the ionospheric anomalies affecting BDSBAS. For conditions with no prior information about the affected BDSBAS, a benefit of using the IAD scheme can provide sufficient detection reliability by retention of the consistency with the three sub-detectors. It will also be beneficial for SF BDSBAS integrity monitoring to improve safety and to improve availability. This paper is organized as follows. Section II shows the implementation of the IAD scheme. Section III evaluates and illustrates the effectiveness of the algorithm and also presents the statistics of experimental results. The conclusion of this paper and some suggestions on the future works are summarized in Section IV.
II. METHODOLOGY
The architecture of the IAD scheme is composed of ionospheric delay acquisition, sub-detectors detection, fusion strategies, manual confirmation processing, and result output, as shown in Figure 1 . The first three steps in the flow chart are used to search the candidate of ionospheric anomalies, while the fourth step includes a manual validation procedure that requires personal intervention to guarantee the robustness of the output. The detailed information of each processing step is described in the following subsections.
A. IONOSPHERIC DELAY ACQUISITION
The spatially dense GPS observations of the ionosphere at regular intervals are collected from more than two hundred and forty-eight reference stations of the CMONOC, which have a wide distribution all over China [29] . The precise ionospheric delay information can be briefly summarized as follows. The ionospheric delay at IPPs are estimated using GPS dual-frequency observations. The slant ionospheric delay I on the GPS L1 C/A is defined from pseudo-range observables (ρ 1 ,ρ 2 ) and carrier phase observables (φ 1 ,φ 2 ) as follows [30] :
where
is the frequency ratio. ε stand for the residuals in the GPS measurements. D DCB = DCB s + DCB r . DCB r and DCB s are, respectively, the receiver and satellite Differential Code Biases (DCB). N 1 and N 2 stand for ambiguities of the carrier phase observables on the L1 frequency and L2 frequency, respectively. In this study, I ρ 1 is used to obtain precise estimates of ionospheric delays. The preprocessing of code and carrier measurements includes removing obvious cycle slips, smoothing the pseudo-range using the phase measurements, and estimating DCB [30] . Then the ionospheric delay at the IPPs can be calculated and used in the next processing. The detailed discussion of the preprocess observations was introduced in the literature [30] and [31] .
However, the most troublesome issue is that the data quality of observations cannot use the redundancy check (consistency detection by three receivers). It is restricted by the construction and configuration of the CMONOC. The poor data quality caused by faulty measurements or data recording degrades the accuracy of ionospheric delay estimation. It will produce erroneous output results. In the IAD scheme, an outlier detection method using continuous temporal gradients of vertical ionospheric delay is applied to reduce the impact of poor data quality.
The outlier detection method was implemented based on the physical characteristics of ionospheric behavior. And in this paper, the poor quality of data is mainly considered due to the receiver [32] . Anomalies caused by the ionosphere generally have spatial and temporal correlation. That is, more than one station or satellite undergoes a similar trend in a period within a certain range. Outliers caused by non-ionospheric factors usually appear as changes in ionospheric delay values of different satellites at different periods. The flow chart of outlier detection is shown in Figure 2 .
Anomalies due to the ionosphere and poor data quality can cause different changes in the temporal gradient. The outlier detector configures the sta th reference station and the n th sate satellite as a pair. We compute the sequence of temporal gradients G sta,n sate . It is defined as
where r = 1, 2, · · · , N seq . N seq is the total number of temporal gradients. For all station-satellite pairs, the temporal gradient list can be set as G sta = G sta,1 , · · · , G sta,N sate . N sate is the total number of satellites. The temporal gradient at the r th epoch based on 30s sampling interval is defined as follows
where I v,IPP (r ) and I v,IPP (r − 1) stand for the vertical delay for the IPPs at different epoch. If the absolute value of the element g sta,n sate ,r in the G sta,n sate exceeds T data,1 (10 mm/s), it is determined to be a candidate, which may be due to the ionosphere or data quality. The candidate is then distinguished according to whether another element g sta,n sate ,r (absolute value) exceeds T data,2 (5 mm/s) during a contiguous 2 h interval (I h ). If it does not exist, this candidate is considered to be caused by data quality and marked as an outlier. The counting increase once and record the satellite number. Then, we repeat the above process and traverse all satellites.
In the data removal, if the number of outliers in the same station is less than 2 (Count<2), then the ionospheric delay values related to the pair of sta th reference station and the satellite n sate are removed. Otherwise, all data recorded at the sta th station are eliminated. Finally, the single-frequency and dual-frequency positioning results of this station are used to check and verify the outlier detection result. More detailed information and verification results about the outlier detection method are described in the literature [32] .
B. SUB-DETECTOR DECISION
The decision of each sub-detector in the IAD scheme is the second step. We use three sub-detectors, named CSC detector, SGI detector, and TGI detector. The i th sub-detector output result is Q i , here given by
where N igp stand for the total number of IGPs. N epoch stand for the total number of epochs. The element q i,m ,n can be set as a numerical marker, which means the class label of ionospheric phenomena. The data sets we used in this section are derived from GPS measurements recorded at more than two hundred reference stations of the CMONOC after outlier detection.
1) CHI-SQUARE CONSISTENCY CHECK DETECTOR
The chi-square statistic associated with the estimated vertical ionospheric delay at a given IGP is designed to protect against certain error conditions, such as large errors due to the risk of ionospheric irregularities. The chi-square statistic (χ 2 ) is defined as [12] 
where G is the observation matrix. W is the inverse of the covariance matrix between measurements. I v,IPP = I v,IPP (x n ) N ipp ×1 denote the ionospheric delay values. In SBAS, a possible model for the n th vertical IPP delay
where the coeffcients a 0 , a 1 , and a 2 describe the ionospheric planar trend. And the r (x n ) includes the small features superposed on the planar trend and the decorrelation between neighboring measurements [10] . The magnitude of chi-square statistics provides a means of establishing whether the ionospheric measurements are consistent with the assumed model [12] . The expected χ 2 distribution is parameterized by the number of degrees of freedom (N ≡ N ipp − 3) of the chi-square statistic associated with the vertical delay estimate at a given IGP [6] , [12] . N ipp is the number of IPP measurements. A threshold value of chi-square statistic (χ 2 threshold ) is calculated using the degrees of freedom (N ) and an allowable false alarm rate (we chose as 10 −3 ). If the χ 2 statistic is above χ 2 threshold , the reason is likely that there is a problem with the assumed model, the measurements, or both [6] . Thus, a local irregularity metric χ 2 irreg can be used in ionospheric anomaly detection to indicate whether using the specific vertical IGP delay to calculate the position of a user of SBAS is safe [10] . Let T chi be the decision threshold for χ 2 consistency check. And the χ 2 irreg is defined as
The conventional descriptions of ionospheric events are distinguished by their physical cause [6] . In the implementation of SBASs, however, we are only interested in anomalous events that invalidate the integrity bound. The ionospheric ''anomaly'' is defined in this paper as an event that causes the BDSBAS SF service ''unavailability''. It means that the horizontal or vertical protection level exceeds the alarm threshold. For the service level of Localizer Performance with Vertical (LPV) 200, for example, the horizontal and vertical alarm threshold was set equal to 40m and 35m, respectively [4] . The values of protection levels are calculated as follows
More detail of the parameters in Equation (8) are introduced in the literature [33] . One of the variances of the residual error in the values of protection levels comes from the application after ionospheric correction. And the basis is the ionospheric integrity bounds, named the Grid Ionospheric Vertical Error (GIVE). GIVEs can be expressed as follows
where κ 99.9% = 3.29 is the quantile of the 99.9% confidence interval for the standard normal distribution. It fundamentally involves three terms • A term is the threat of ionospheric spatial variations (σ 2 undersampled ). It represents the threat that the largest ionospheric irregularities exist but might not be sampled by reference stations. In the IAD scheme, the sampled measurements are calculated by all reference stations of the CMONOC and GPS satellites to create a correction map. There are dense ionospheric measurements in China. The ionosphere might be well sampled in China with greater probability. Under these conditions, the magnitude of σ 2 undersampled is conservatively taken as 10 −1 .
• A term representing the quantization error (r 2 /12) is evenly distributed in the range of 0 to r. r is the Grid Ionospheric Vertical Delay (GIVD) quantized minimum resolution. The magnitude of this term is about 10 −3 (about 0.001m 2 ).
• The formal term is the error of delay estimation uncertainty (σ 2 IGP ). It is inflated and augmented by a multiplicative factor (R 2 irreg ). This factor is defined as follows [10]
where K = 5.592, P = 2.25 × 10 −8 [10] . Lawrence Sparks [34] demonstrated that GIVEs of 6 meters or less can be used to assess the impact of the ionosphere on SBAS availability. And then the inflated variance term (R 2 irregσ 2 IGP ) in Equation (9) is less than 3 m 2 . From Equation (10), the multiplicative factor is a multiple of the chi-square statistic computed assuming the nominal covariance model [10] . Figure 3 illustrates the relationship between R 2 irregσ 2 IGP and χ 2 irreg on March 17, 2015, under the geomagnetic (ionospheric) disturbance condition. If the value of R 2 irregσ 2 IGP less than 3 m 2 , the χ 2 irreg result should be less than 6.631. Table 1 shows more values for the relationship between R 2 irregσ 2 IGP and χ 2 irreg . The data sets from 2011 to 2016 are used to calculate the result. It can be seen that the thresholds are concentrated between 6 and 7. Thus, the threshold T chi for the CSC detector is set equal to 6. This threshold is only used to extract ionospheric anomalies rather than calculate BDSBAS ionospheric corrections and integrity information. Figure 4 shows the detection result of the CSC detector on March 17, 2015. The vertical axis indicates the IGP index number (IGPno). The horizontal axis displays the GPS time (GPST). The IGP is defined as 5 • × 5 • [4] . Figure 5 shows the IGP index number of China. Colors depict detection results of anomalies (yellow) and normal (blue). Due to the distribution of reference stations, the blank area signifies that sampling measurements are insufficient to calculate the detection statistic. It can be seen that the anomalous result is mainly concentrated in the southern region of China at GPST 6-12h (the local time is 14-20h, which is the most active period of the ionosphere).
2) SPATIAL GRADIENT IRREGULARITY DETECTOR
Usually, an ionospheric activity is relatively small and slowly varying TEC, named as the ''normal/quiet''. However, some features exist in the ionospheric irregularities, such as large varying spatial and temporal gradients. The assumed model cannot be trusted, and it will fail to model the observed ionospheric structure [6] . Therefore, the SGI detector and TGI detector can be used to detect when such ionospheric irregularities may be present. The estimation methods for ionospheric spatial gradients mainly include station pair method, time-step method, and mixed pair method [21] . Due to the baseline of SBAS reference stations at least several hundred kilometers, we use the mixed pair method to estimate the ionospheric gradients. It is defined as follows
where I v,IPP (x 1 ) and I v,IPP (x 2 ) stand for the vertical ionospheric delay value for different IPPs. The x 1 and x 1 represent the location of IPPs. d 1,2 is the distance between IPP pairs. The procedure of SGI detection is shown in Figure 6 . It is summarized through the following three steps and three key parameters • Searching IPP pairs: the IPP pairs must satisfy the minimum point-to-pair distance (the first key parameter: D mld ) within a fixed radius (the second key parameter: R fit ) around the IGP (m ). Then, these pairs will be used to calculate the spatial gradient.
• The standard deviation (σ G,m ) of spatial gradients is calculated for a particular IGP (m ).
• Compared with the threshold (the third key parameter: σ isg ), the IGP, which is affected by the ionospheric irregularities, is detected. In the procedure, the parameter R fit is set to 550 km (about 5 • grid) based on more than two hundred reference stations of the CMONOC. The number of IPP pairs can be affected by smaller R fit , then the spatial gradient of IGPs, which locate at the edge area, cannot be calculated. In contrast, the small-scale ionospheric properties can not reflect by larger R fit . Additionally, for the IPP pairs, the parameter D mld is used to reduce the impact of receiver internal frequency deviations and the converted error, which comes from the thin-shell mapping function [12] . Figure 7 shows the statistical standard deviations (σ G,IGP ) of all IGPs with different IPP distances on March 17, 2015 (Kp = 8) and March 26, 2016 (Kp = 1). It can be seen that when the minimum IPP-to-IPP distance is more than 100 km, the curves tend to be stable. The distance less than 100 km cannot be trusted due to insufficient samples to calculate reliable statistics. Thus, the parameter D mld is set to 100 km. The threshold σ isg is conservatively set to 4 mm/km, which is enough to cover ionosphere spatial decorrelation for nominal days [35] . Figure 8 illustrates the distribution of the irregularity metric χ 2 irreg and σ G,IGP on March 26, 2016. The red line represents the threshold of the SGI and CSC detector. It can be seen that a positive correlation exists in the thresholds of these sub-detectors. Additionally, the detection result of the SGI detector on March 26 is basically consistent with the CSC detector. The reason is that both of them are used to characterize the spatial fluctuation of the vertical ionospheric delay. Figure 9 shows the detection result of the SGI detector on March 17, 2015.
Colors and axis parameters are the same as the definition in Figure 4 . It can be seen that the ionospheric anomalies mainly occur in the southern region (low latitude) of China from afternoon to evening. Compared with the results of the CSC detector (Figure 4) , however, the SGI recognition results (Figure 9 ) indicate a small difference at the IGPs. Therefore, a fusion method is needed to improve detection reliability.
3) TEMPORAL GRADIENT IRREGULARITY DETECTOR
The temporal gradient represents the change in ionospheric ionization over time [36] , in the unit of mm/s. The calculation of the temporal gradient is shown in Equation (3). Figure 10 coincides with the Regional Ionospheric Disturbance (RID) [32] , [37] , which is a general definition including PB or other irregularities in the ionosphere. And the monotonous increasing phenomenon of temporal gradients in Figure 11 coincides with the ionospheric Electron Density Enhancement (EDE) [27] , [32] , which is a general definition including SED, equatorial anomaly, etc.. It should be noted that RID and EDE in this paper refer to natural factors that cause BDSBAS anomalous phenomena (the reduced correlation, large gradients, etc. affect system integrity and service continuity), rather than determining its exists or not on physics. In practice, there may exist ionospheric anomalies in physical, but it does not cause the risk of SBAS integrity and a loss of service continuity.
According to Equation (3), when the temporal gradient exceeds the 6 mm/s (300s interval), the vertical ionospheric delay error is approximately 1.8 m. Then, the SBAS is considered to be ''unavailability''. Figure 12 shows the procedure of TGI detection. The detector uses the vertical delay at the IPPs after outlier detection. The calculation of temporal gradients and the construction of the gradient list G sta in the TGI detector is similar to outlier detection. The sequence of temporal gradients G sta,n sate is defined in Equation (3). g sta,n sate ,r is the element in the G sta,n sate . In the TGI detector, there are three thresholds: T 1 = 6 mm/s, T 2 = 4 mm/s, T 3 = 2 mm/s. If the absolute value of g sta,n sate ,r does not exceed T 1 , the ionosphere is normal. Otherwise, the detector determines whether it exist other three elements excessing T 2 within a contiguous onehour interval ( I h1 ) near the element position r . This step is used to further confirm whether the anomaly is caused by the ionosphere.
where card ( ) represents the number of elements in a finite set that satisfy the condition: g sta,n sate ,r > T 2 . The elements of the set R stand for the position index. If the Equation (12) is true, then, we calculate the first-order difference of G sta,sate (here given by U sta,sate , u sta,n sate ,r is the element in the U sta,sate ) and compare with threshold T 3 . If the absolute value of u sta,n sate ,r exceeding T 3 during contiguous one-hour interval near the element position r accumulate more than two, the element g sta,n sate ,r is considered to be caused by RID. Otherwise, it belongs to EDE. Finally, the ionospheric anomalies at IPPs convert into IGPs and output the result. Figure 13 shows the TGI detection result. Colors depict detection results of EDE phenomena (yellow), RID phenomena (light purple) and normal (blue). It can be observed that there is a significant difference between the occurrence time and location of RID and EDE. The EDE (mainly caused by the equatorial anomaly over China) is characterized by the strongest solar activity and mainly occurs during daytime, while the RID anomaly generally occurs at nighttime. Compared with Figures 4 and 9 , the difference between the results is caused by the detection statistic. Therefore, it is necessary to fuse the results based on different sub-detector. 
C. FUSION STRATEGIES
The ionospheric anomaly detection using three sub-detectors is desired to provide a stable global judgment for the ionosphere. In this section, two types of fusion strategies are presented in the IAD scheme: voting fusion and time-space validation. The execution of the Information Fusion Process (IFP) consists of two phases. In the first phase, IFP reaches consensus on one of these options: either agreeing on the normal ionosphere or agreeing on anomalous ionospheric phenomena. In the second phase, IFP uses voting fusion and time-space validation reaching an agreement on class labels of ionospheric phenomena.
1) MAIN PROCEDURE OF IFP
The top-level procedure implementing IFP is shown in Algorithm 1. The procedure requires three-parameters: d time , N igp , and N epoch to provide the testing date and construct an initial null matrix ζ fus = ζ fus,m ,n N igp ×N epoch . N igp and N epoch stand for the total number of IGPs (see Figure 5 ) and epochs (300s interval), respectively. m = 1, 2, · · · , N igp , n = 1, 2, · · · , N epoch . The matrix ζ fus is used to save the fusion results. As shown in Algorithm 1, 2) VOTING FUSION Algorithm 2 shows the pseudocode for CountVotes(), which checks the class labels of ionospheric phenomena in a given round and step of IFP. The pseudocode reads threeparameters from Algorithm 1: Q (data list), m and n . The procedure CountVotes() returns the label I count . It defines the class label of the element ζ fus,m ,n using the procedure FlagDeter(). The procedure FlagDeter() is used to determine the label I count is set equal to I EDE , I RID , or I mix . For the anomalous phenomena caused by EDE, it is determined according to the voting results that arbitrary two sub-detectors (x and y) have judged the element class label as I EDE .
∀x, y ∈ {1, 2, 3}, x = y ∃Q.q x,m ,n = Q.q y,m ,n = I EDE .
Otherwise, the TimeSpaceCheck() function is then executed, which is shown in Algorithm 3.
3) TIME-SPACE VALIDATION
A function of the TimeSpaceCheck() is presented to check whether the spatiotemporal discontinuous anomaly Condition 1: For an arbitrary sub-detectorĩ, the element Q.q˜i ,m ,n is equal to I EDE . Furthermore, for one of the remaining two sub-detectors, if there exist three or four anomalous IGPs located on the adjoining west, east, south and north side of the element, then we consider that the element is affected.
wherem is the location index. I igp is the interval of the IGPs index number.
Condition 2: For an arbitrary sub-detectorĩ, the element Q.q˜i ,m ,n is equal to I EDE . Furthermore, for one of the remaining two sub-detectors, if there exist anomalies at the previous and next epoch of the element, then we consider that the element is affected.
D. MANUAL VALIDATION
Once the IAD scheme has output the sub-detector and fusion result, manual inspection is required to validate whether the result is actually due to the anomalous ionosphere. The methods for manual validation include trend and correlation validation which are used to examine the following aspects. One is to determine whether the location and time of anomalous phenomena conform to physical laws. Another is to re-examine whether anomalous point distribution has a spatio-temporal correlation. Additionally, we also need to reexamine the dual-frequency estimates visually to determine whether the calculated ionospheric delay value looks ''reasonable''. If the output result (ζ fus ) is substantially validated by manual analysis, then the long-term statistics analysis can be used to establish the ionospheric anomalies model based on BDSBAS service area.
III. RESULTS AND DISCUSSIONS
In this section, the 95th percent residual error for postionosphere correction (abbreviated as ''residual error'') is used to evaluate and illustrate the performance of the IAD scheme. The residual error is defined by the difference between the actual ionospheric delays and the interpolated correction from vertical IGP delay estimates [2] . The mathematical formulation for interpolated vertical user delay I v u (φ u , λ u ) and the residual error σ u are
where W k (x IPP , y IPP ) is the weighting function. I v IGP,k is the k th vertical delay value of IGP around the user IPP. I v true (φ u , λ u ) is defined as the actual ionospheric delays. The detailed information about Equation (16) can be found in the literature [2] .
In Figure 14 , ten reference stations of the CMONOC were isolated one by one and used as users (green triangle). Other CMONOC stations (red triangle) were used as reference stations to estimate the GIVD. Table 2 shows the results of the 95th percent residual error for detection methods. In Table 2 , we use the detection methods to identify ionospheric conditions and then mark up the user IPPs which were located in normal or anomalous areas. The disturbed ionosphere will decrease the spatiotemporal correlation between the reference station measurements and aviation user measurements. The accuracy of GIVDs will be reduced. GIVD is the vertical delay at each IGP estimated by the ionospheric measurements from the reference stations [12] . Then, the residual error (Equation (16)) corresponding to user IPPs will also increase. It can be seen from Table 2 that every subdetector can effectively distinguish the area of ''normal'' and ''anomaly''. The 95% residual error (''error'' in Table 2 ) in the normal area is between 0.6 m and 0.8 m. And about 3 m error is detected in the anomalous area. The difference between these areas is about 2 m. The results of sub-detectors have better consistency in ionospheric anomalies perception. There are some differences, however, among three subdetectors. The CSC detector is directly related to the estimation accuracy of GIVD. It reflects the conformity between the hypothetical ionospheric model and reference station measurements. The division between different regions is more obvious. The SGI detector is more conservative to guarantee SBAS integrity. The TGI detector can effectively detect two types of anomalies affecting SBAS (RID and EDE), which is the unique feature that the other two sub-detectors are unable to achieve. In addition, compared with the Merged All Result (MAR) scheme, the IAD scheme in this paper guarantees the reliability of ionospheric anomalies detection as much as possible and ensures consistency with every sub-detector. Figure 15 shows the detection result of the IAD scheme. Colors depict detection results of EDE phenomena (yellow), RID phenomena (light purple), superimposed anomalies phenomena (dark purple) and normal (blue). It is the fusion result using the method in section II-C. The year of 2015 during the 24 th solar activity cycle (2008-2019) existed frequent and various ionospheric anomalies. Physical ionospheric anomalies are mainly affected by the active geomagnetic, solar activity, strong earthquakes, etc. [38] , [39] . Figure 16 shows the maximum Kp and F 10.7 index in March 2015. In this month, the ionosphere was experienced quiet, moderate disturbance and severe disturbance conditions. In Table 3 , the results of the IAD scheme can be seen that the ionospheric anomaly affecting BDSBAS were detected during this month, except for March 18. We investigated the reason was that during these periods there exists the strongest geomagnetic storm. The negative storm on March 18 caused the equatorial anomaly in the northern hemisphere to be suppressed [40] , [41] . Figure 17 shows the vertical ionospheric delay value map which are interpolated from CODE ionosphere product at GPST 6 h on March 17, 18, 19, and 20. It can be seen that there is a clear difference between March 18 and the other three days. The equatorial anomaly in the northern hemisphere deviates from the daily trajectory. Usually, the northern crest of equatorial anomaly moves with the sunlit point of the sun and passes through the south of China from east to west [42] , and the EDE anomaly in China is mainly caused by equatorial anomaly. Additionally, the 95% residual error for normal areas in Table 3 is between 0.5 m and 1 m. The average value is about 0.7967 m. The 95% residual error for anomalous areas is between 2 m and 3.9 m. The average value is about 2.9690 m. The difference between different areas is between 1.4 m and 3.2 m, and the average value is 2.1723 m. The results of each day are consistent.
In Tables 4 and 5 , the results of ionospheric anomaly detection were conducted in the year of 2015. The ionospheric anomalies that affect the BDSBAS are divided into two types: the phenomenon influences system integrity or system service continuity. In section II-B.3, we consider that the phenomenon affects SBAS IGPs mainly consistent with RID and EDE. The number of anomalous phenomenon occurrences in the BDSBAS area caused by RID is 147 days and EDE is 262 days. The occurrence frequency is 40.27% and 71.78%, respectively. Moreover, the anomalies have the obvious seasonal variation. It is mainly concentrated in spring and autumn, and then is in winter and the lowest is in summer. The latitude (abbreviated as Lat.) range of affected IGP caused by EDE is mainly at latitude 15 • -30 • N , and the time is mainly at GPST 4-15 h. In addition, the latitude range for the RID is basically at latitude 10 • -35 • N , and the time is basically at GPST 12-19 h.
The statistical detection rate of ionospheric anomalies affecting BDSBAS based on observation data from the CMONOC during the year of 2015 was at a high level. This is considered to be caused by the influence of strong solar activity and geomagnetic activity. The conclusions may be changed under the other different solar and geomagnetic activity conditions, such as the detection rate may be significantly reduced during periods of lower solar activity.
To verify this possible, however, more work is needed to analyze in the future.
IV. CONCLUSION
In this paper, a new ionospheric anomaly detection scheme has been proposed to detect ionospheric conditions. The aim of the proposed detecting scheme was to detect the effect of ionospheric irregularities on the BDSBAS SF service operational capability. The ionospheric anomaly in our paper is defined as a class of ionospheric behavior that could lead to the BDSBAS ''unavailability'', which means that the horizontal or vertical protection level exceeds the alarm threshold. The scheme is used to detect ionospheric anomalies by fusing the result of three sub-detectors -namely, CSC detector, SGI detector, and TGI detector. There are two types of ionospheric anomalies affecting SF BDSBAS (Chinese version of SBAS/WAAS). It is considered to be mainly caused by RID and EDE. The detection threshold of every sub-detector was derived based on system availability and ionospheric measurements from the CMONOC. The data quality detection method was used in our scheme to reduce the impact of outliers generated by non-ionospheric factors. The fusion strategies have been presented in the scheme consisting of voting fusion and space-time validation to provide the necessary level of detection reliability. The voting fusion combines two sub-detector results to produce the decision result. Additionally, different from the manual verification, the processing of space-time validation must be retained because the voting fusion method based on the detection results of every subdetector is likely to cause the spatiotemporal discontinuous identification (missed detection).
The residual errors for post-ionosphere correction at user IPPs were used to evaluate and illustrate the performance of the IAD scheme. The 95% residual error of correction based on March 2015 shows that it is about 0.5 m-1 m in ionospheric normal areas. The average value is about 0.7967 m. In ionospheric anomalous areas, the 95% residual error is between 2 m and 3.9 m. The average value is about 2.9690 m. The difference between the normal and anomalous areas is between 1.4 m and 3.2 m. The average value is 2.1723 m. The detection scheme successfully identifies ionospheric anomalies affecting SBAS and conforming with physical characteristics. The anomalies caused by EDE is mainly at latitude 15 • -30 • N , and the occurrence time is mainly at GPST 4-15 h. In addition, the RID anomaly is basically at latitude 10 • -35 • N , and the occurrence time is basically mainly at GPST 12-19 h. The scheme not only maintains the consistency of three subdetectors but also provides sufficient detection reliability.
BDSBAS system deployment is under schedule. This anomaly detection scheme will help more accurately distinguish between nominal and anomalous ionospheric conditions affecting BDSBAS SF service, and then an ionospheric anomaly model can be established by the statistics and analysis of detection results for many years. This knowledge benefits SF BDSBAS integrity monitoring and will help in improving system availability and maintaining integrity.
